Background/Objectives: To measure resting metabolic rate (RMR), activity energy expenditure (AEE), total energy expenditure (TEE) and physical activity pattern, that is, duration and intensity (in metabolic equivalents, METs) of activities performed in late pregnancy compared with postpartum in healthy, well-nourished women living in Switzerland. Subjects/Methods: Weight, height, RMR, AEE, TEE and physical activity patterns were measured longitudinally in 27 healthy women aged 23-40 years at 38.2 ± 1.5 weeks of gestation and 40.0 ± 7.2 weeks postpartum. Results: The RMR during late pregnancy was 7480 kJ per day, that is, 1320±760 kJ per day (21.4%) higher than the postpartum RMR (Po0.001). Absolute changes in RMR were positively correlated with the corresponding changes in body weight (r ¼ 0.61, Po0.001). RMR per kg body weight was similar in late pregnancy vs postpartum (P ¼ 0.28). AEE per kg during pregnancy and postpartum was 40 ± 13 and 50 ± 20 kJ/kg, respectively (P ¼ 0.001). There were significant differences in daily time spent at METso1.5 (1067 vs 998 min, P ¼ 0.045), at 2.5pMETs o3.0 (58 vs 82 min, P ¼ 0.002) and METsX6 (1 vs 6 min, P ¼ 0.014) during pregnancy and postpartum, respectively. Conclusions: Energy expenditure in healthy women living in Switzerland increases in pregnancy compared with the postpartum state. Additional energy expenditure is primarily attributed to an increase in RMR, which is partly compensated by a decrease in AEE. The decrease in physical activity-related energy costs is achieved by selecting less demanding activities and should be taken into account when defining extra energy requirements for late pregnancy in Switzerland.
Introduction
Total energy expenditure (TEE) in nonpregnant healthy women is calculated as energy expended on resting metabolic rate (RMR, 60-75%), diet-induced thermogenesis (DIT, (B10%) and physical activity (PA, B25-30%). The RMR increases by approximately 20% in late pregnancy (Prentice et al., 1996) because of increased maternal body mass. The energy cost of DIT seems to be unaltered (Nagy and King, 1984; Poppitt et al., 1993; Spaaij et al., 1994; Bronstein et al., 1995; Piers et al., 1995; Prentice et al., 1996) or even reduced (Contaldo et al., 1987; Illingworth et al., 1987; KoppHoolihan et al., 1999) . The energy cost attributed to PA is generally low (Lawrence and Whitehead, 1988; Butte et al., 2004; Clarke et al., 2005; Lof and Forsum, 2006; Rousham et al., 2006) and tends to decrease as pregnancy advances (Lawrence et al., 1985; van Raaij et al., 1987; Singh et al., 1989; Heini et al., 1991; Forsum et al., 1992) .
The TEE of pregnant women remains controversial largely because of conflicting data on the extent of the reduction in PA as pregnancy advances. Reductions in the PA level in late pregnancy compared with the nonpregnant state may occur because of difficulties in movement related to larger body mass, or as a result of behavioral changes with respect to the intensity and duration of PA.
The pregnancy PA patterns have so far been investigated through questionnaires (Lof and Forsum, 2006) or interviews (Clarke et al., 2005; Rousham et al., 2006; Borodulin et al., 2008) . However, the reliability and validity of all selfreported methods is limited because of misreporting or miscoding of activities, inaccurate estimation of activity intensity or duration and differences in body mass. The doubly labeled water (DLW) method, considered the golden standard for measuring TEE and activity energy expenditure (AEE), does not provide specific information on the PA patterns. Accelerometry and heart rate (HR) recording have their own limitations when used alone. Although accelerometry is unable to account for increases in AEE when stepping, cycling, changing grade during walking or loadbearing activities, HR measurements are affected by other factors, such as training state, mental stress, dehydration or extreme ambient temperature (Brage et al., 2004) . The combination of a HR and movement sensor was shown to give precise estimates of AEE and PA patterns during a wide range of activities (from low through moderate and high activities) in both laboratory (Brage et al., 2004 (Brage et al., , 2007 Thompson et al., 2006) and field settings (Crouter et al., 2008) .
The aim of this study was to measure longitudinal changes in body weight, RMR, AEE, TEE and PA patterns during pregnancy compared with postpartum in healthy women living in Switzerland using a combined HR and movement sensor device. We hypothesized that the AEE adjusted to body weight is lower in pregnancy compared with postpartum because of a decrease in both duration and intensity of PA.
Subjects and methods
Study protocol and subjects During routine medical examinations at the maternity unit of the University Hospitals of Geneva, Switzerland, the study protocol was presented to healthy women in their third trimester of pregnancy. Measurements were performed at week 38.2 ± 1.5 of gestation and 40.0 ± 7.2 weeks postpartum.
A total of 71 women consented to participating in the study. During the course of the study, 18 delivered before pregnancy study measurements were completed. Data analyses in seven women were excluded because of incomplete 3 full (24 h) day data recordings. Twenty-seven women completed longitudinal measurements postpartum. The participants consumed no medications, had uncomplicated pregnancy and delivered healthy full-term singleton infants.
The study was approved by the Geneva University Hospitals Ethical Committee and all women gave written informed consent.
Anthropometric variables
Body weight was measured to the nearest 0.1 kg on a calibrated beam scale (Seca, Germany) and body height to the nearest 0.5 cm with a height rod (Seca, Germany) with the subjects in light clothing and without shoes. Total weight gain was computed as the difference in weight at delivery minus pre-pregnancy weight. Gestational age was assessed either on the basis of the last menstrual period or on a first trimester ultrasound measurement if a difference of more than 1 week between the two estimates was detected. Birth weight and length were measured by an experienced midwife shortly after delivery.
Indirect calorimetry measurements
Resting metabolic rate was assessed by indirect calorimetry using a ventilated hood system (Deltatrac II Metabolic Monitor; Datex-Ohmeda, Helsinki, Finland). Calibration of the gas analyzer was carried out before each measurement according to the manufacturer's instructions. The participants were instructed to arrive at the hospital in the morning, after an overnight fast, avoiding any strenuous physical effort. After acclimatizing and relaxing on a bed for 30 min, a ventilated hood was placed over their heads and measurements were started. Oxygen consumption (VO 2 ) and carbon dioxide (VCO 2 ) production were measured for 30 min at 1 min intervals with the participants in a supine position and completely at rest in a thermoneutral environment (20-22 1C) . The first 5 min of data were eliminated as an acclimatization artifact. From the remaining 25 min, a segment of five consecutive 1 min measures with o10% coefficient of variation in VO 2 and VCO 2 was considered as steady state. VO 2 and VCO 2 were then used to calculate RMR using the abbreviated Weir equation (Weir, 1990) . Even though the subjects rested for 30 min after traveling to the test site, the measured values are referred to as RMR rather than the basal metabolic rate.
Total and activity-related energy expenditure Total energy expenditure and AEE were estimated analyzing 3 full (24 h) day recordings of HR and body movement with a 30 s averaging epoch setting. A noninvasive lightweight (10 g), waterproof combined HR and movement sensor (accelerometer) designed to assess PA (Actiheart; Cambridge Neurotechnology Ltd., Papworth, UK) was clipped onto two standard ECG electrodes on the chest (below the apex of the sternum) and worn day and night (Brage et al., 2006) . During the recording period, women were asked to continue their usual life routine and PA habits.
Sleeping heart rate (SHR) was measured as the mean of the 60 lowest HR recordings during an overnight period. SHR for a full 3-day period was determined as the average value of the three SHR recordings.
As pregnancy changes the HR and AEE relationship (Lotgering et al., 1991) , the device was calibrated each time for each individual using a standard step test, an inbuilt function of the Actiheart software. The women stepped up and down a 15 cm high step progressively increasing step frequency from 15 to 32.5 body lifts per minute (rate of change: 2.5 body lifts per min 2 ). They were advised to stop the test if they felt uncomfortable. The mass-specific lift work rate, that is, mechanical power of the step test, was calculated as 9.81 m/s 2 Â step height (m) Â lift frequency (number of body weight lifts per min) and expressed in J/min per kg. Linear regression was used to model the relationship between the power and HR during stepping. This produced individual calibration parameters, HR above sleep (HRaS ¼ HRÀSHR) slope and intercept (denoted by b step and a step, respectively) of the regression line. The steptest-derived calibration parameters were then introduced into an HR-energy expenditure (HR-EE) equation: HR-EE ¼ 2.9HRaS þ 2.9 HRaSb step þ 1.3a step À75.
The individually adjusted HR-EE relationship was then introduced in the branched equation model for AEE estimation provided by the Actiheart software. The reliability and validity of the device have been published elsewhere (Brage et al., 2004 (Brage et al., , 2005 (Brage et al., , 2006 (Brage et al., , 2007 . The Actiheart was proven to give an accurate estimate against indirect calorimetry during a wide range of activities in men and women (from low through moderate and high activities) in both laboratory (Thompson et al., 2006) and field settings (Crouter et al., 2008) .
Total energy expenditure was calculated as a sum of the AEE, RMR (measured using indirect calorimetry as described above) and DIT (estimated as 10% of TEE). Total intensity of activities was presented in metabolic equivalents (METs) and calculated as a multiple of RMR. The MET values were presented in the following intervals: METs o1.5; 1.5pMETs o 2.0; 2.0pMETs o 2.5; 2.5pMETs o 3.0; 3.0pMETs o 6.0; METsX6. Physical activity level (PAL) was calculated as TEE/ RMR. Activity was expressed as the mean counts detected per minute throughout a period of 3 full-day measurements (resolution 0.02 G, range ±2.5 G, sampling frequency 32 Hz).
Statistical analysis
Descriptive data for continuous variables are reported as mean ± s.d. Evaluation of energy expenditure variables was compared between pregnancy and postpartum using the paired t-test. The regression between continuous variables was evaluated using the Pearson's correlation coefficient. We considered a P-value o0.05 as indicating a significant difference. SPSS software (version 15; SPSS Inc., Chicago, IL, USA) was used for data description and statistical analysis.
Results
The characteristics of the pregnant women are presented in Table 1 . The age of the women ranged from 23 to 40 years.
Their pre-pregnancy body mass index (BMI) ranged from 17.5 to 32.0 kg/m 2 . Weight, RMR, TEE, AEE, PAL and activity (number of counts detected per min) at the end of pregnancy and postpartum are presented in Table 2 . Women retained on average 1.89±2.7 kg during the postpartum as compared with the pre-pregnant body weight.
At the time of postpartum data collection, 14 women were still lactating, whereas 13 women discontinued lactating. The RMR, RMR per kg, RQ, TEE, TEE per kg, AEE, AEE per kg, PAL and movement of the lactating and nonlactating women were not significantly different (Table 3) .
The RMR during pregnancy was 7480 kJ per day, that is, 1320 ± 760 kJ per day (21.4%) higher than the postpartum RMR. The RMR during pregnancy was significantly correlated with the pregnancy body weight (r ¼ 0.84, Po0.001) and explained 70% of the pregnancy RMR. Absolute changes in RMR (pregnancyÀpostpartum) were positively correlated with the corresponding changes in weight (r ¼ 0.61, P ¼ 0.001). When adjusted for weight, the mean RMR per kg of the group was similar in late pregnancy vs postpartum. The energy expended on PA varied widely among women and, expressed in absolute terms, did not differ significantly during pregnancy compared with postpartum (À430±1550 kJ per day, P ¼ 0.16). Adjusted to body weight, AEE per kg during pregnancy and postpartum were significantly different, that is, 40 ± 13 and 50 ± 20 kJ/kg, respectively (P ¼ 0.001). The mean PAL value during pregnancy was lower than in the postpartum (P ¼ 0.002). The activity (average number of counts per min) was 21.4 ± 10.0 and 52.6 ± 35.5 counts per min during pregnancy and postpartum, respectively (P ¼ 0.001).
The pregnancy RMR was significantly correlated with the pregnancy TEE (r ¼ 0.91, Po0.001) and explained 82% of the increase in TEE.
The time (min per 24 h) spent at different levels of energy expenditure and expressed in METs is presented in Table 4 . There were significant changes in time spent at METso1.5 (P ¼ 0.045), at 2.5pMETso3.0 (P ¼ 0.002) and METsX6 (P ¼ 0.014) during pregnancy and postpartum, respectively. When PA intensity was subcategorized into two groups (METsp2.5 and METs42.5), the time spent at each of the two PA intensity groups was found to be significantly different during pregnancy compared with postpartum.
Compared with postpartum, pregnant women spent significantly more time at METsp2.5 (1325 vs 1267 min per day; P ¼ 0.01) and significantly less time at METs42.5 (115 vs 173 min per day; P ¼ 0.01).
During pregnancy, 19 out of 27 women (70%) spent 30 min or more on PA at moderate intensity (3.0pMETs o6.0) during pregnancy, whereas 24 out of 27 women (89%) spent 30 min or more on PA at moderate intensity (3.0pMETs o 6.0) during postpartum.
Discussion
The subjects enrolled in the study were healthy, wellnourished women living in an affluent society. The results confirm that the increase in RMR contributes significantly to the increased energy cost of late pregnancy. The RMR was around 1320 kJ per day (21%), higher in the third trimester of pregnancy compared with postpartum. The higher RMR was significantly correlated with higher body mass during pregnancy. The RMR adjusted to body weight was unchanged during pregnancy compared with postpartum. The pregnancy TEE was higher, largely because of the higher pregnancy RMR. The correlation coefficient between TEE and RMR during pregnancy was high, indicating that the contribution of AEE to TEE during pregnancy was small and relatively constant from one person to another.
As the lactation status had no influence on the physiological variables tested (Table 3) , the postpartum data were analyzed for the whole group of women, regardless of their lactation status.
The total AEE did not differ between pregnancy and postpartum, although a nonsignificant decrease was observed during pregnancy (À430 kJ per day; B13%). Previously published DLW studies are in agreement with our findings (Kopp-Hoolihan et al., 1999; Butte et al., 2004; Lof and Forsum, 2006) . The absolute AEE decrease during pregnancy in Swedish and American women was found to be nonsignificant. A slight decrease in the absolute energy cost of PA was also observed in the activity diary studies in Scottish (Durnin et al., 1987) and Dutch women (van Raaij et al., 1987) or in the whole-body calorimetry studies in British women .
However, when expressed per unit of body weight to account for weight differences, AEE per kg per day was significantly decreased in pregnancy compared with postpartum (Table 3) . Two other studies from Sweden and United Kingdom also reported a significant decrease in AEE per kg in the pregnant compared with the nonpregnant state Lof and Forsum, 2006) .
Behavioral changes in activity patterns during the pregnant and postpartum states were also observed in our study group. The results show that, compared with postpartum, pregnant women spent significantly more time at METsp2.5 (which according to the Compendium of Physical activities (Ainsworth et al., 1993) corresponds to laying down or sitting Energy expenditure during pregnancy in Switzerland K Melzer et al
(1 MET), talking and eating (2 METs), very slow walking (2 METs), light standing (2.5 METs), serving food or light home activities (2.5 METs) and so on), and significantly less time at METs42.5 (which corresponds to moderate walking (3.5 METs), brisk walking (4.5 METs) or light effort bicycling (5.5 METs); Ainsworth et al., 1993) . Measured values showed that even the time spent at 2.5pMETs o3.0 (equivalent to slow walking; Ainsworth et al., 1993) was significantly lower during pregnancy compared with postpartum (Table 4) . Thus, as the women approached the end of pregnancy, most of them shifted toward less intense, more comfortable modes of activity, probably to avoid any risk of maternal or fetal injuries, and/or to accommodate increased body mass. Lower intensity activities for longer periods during pregnancy compared with postpartum resulted in significantly decreased pregnancy AEE per kg. The pregnancy AEE was not significantly lower when expressed in absolute terms. It seems that the absolute AEE is similar in pregnant compared with the postpartum state, because the reduction in PA may be compensated by the increased energy needs of moving 15 kg extra body weight.
The American College of Obstetricians and Gynecologists (ACOG, 2002) recommends that pregnant women who are free of obstetric or other medical complications should adopt the guidelines for PA of the American College of Sports Medicine-Centers for Disease Control (2006) , which encourage an accumulation of 30 min or more of moderate PA (3-6 METs) per day on most, if not all, days of the week. Most women in our study complied with these recommendations, with 70% of them spending 30 or more minutes per day on moderate PA during pregnancy. After pregnancy, up to 89% of women spent at least the minimum recommended time on moderate activities. We can thus conclude that our group of women consisted of healthy, otherwise sufficiently active, subjects who spontaneously decreased PA in freeliving conditions because of their pregnancy state.
The PAL of the women during late pregnancy (1.54) was lower than the PAL postpartum (1.7). Prentice et al. (1996) explain that during the last trimester of pregnancy, RMR increases by 20%, whereas the energy cost of activity increases only by approximately 10% (because of the mixed influence of weight-bearing and non-weight-bearing activities). This means that PAL would decline even if a pregnant woman performed the same activities, for the same duration, and at the same intensity as in the nonpregnant state. For that reason, caution is required when using PAL to express PA-related energy expenditure during pregnancy.
The extra energy requirements during pregnancy are calculated as the energy needed for maternal and fetal tissues, as well as for the rise in basal metabolic rate and the changes in PA. If the actual energy expended on PA during pregnancy is unknown, pregnant women may be encouraged to increase their energy intake above their needs, potentially leading to an increased risk of excessive weight gain.
Women who gain too much weight during pregnancy may be at increased risk of pregnancy complications, infant macrosomia, cesarean delivery and high postpartum weight retention (Abrams et al., 2000) . The subjects of our group gained more gestational weight than recommended (14.6 kg instead of the recommended 12 kg (FAO, 2004) , and retained up to 2 kg about 1 year after delivery as compared with their pre-pregnancy weight. Retention of gestational weight gain may contribute to the development of obesity and increase the risk of chronic diseases such as diabetes, cardiovascular disease, hypertension and several types of cancer (Calle et al., 2003; Olson et al., 2004) .
The extra energy demands of pregnancy may be met through increase in food intake or even through the mobilization of energy body fat stores, particularly in wellnourished women who begin their pregnancy with sufficient energy reserves. Studies nevertheless show that rather than mobilizing fat stores to provide energy to the growing fetus, women typically deposit an additional 2-5 kg fat throughout the pregnancy (Forsum et al., 1992; Butte et al., 2004; Lof et al., 2005) . Although our women gained more weight than the reference gestational body weight gain (14.6 kg instead of the recommended 12 kg (FAO, 2004) ), and although they retained 2 kg residual weight about 1 year after delivery, compared with pre-pregnancy weight, the exact amount of body fat retained remains unknown.
Our study is the first investigation that directly measured changes in resting and activity-related energy expenditure during pregnancy using a combined HR and movement sensor device (Actiheart). This device provided information on the intensity and timing of PA performed in a free-living environment. The data obtained were needed in view of the limited knowledge regarding behavioral changes in activity patterns in pregnant women.
Our findings should nevertheless be interpreted with some limits in mind. First, as the women volunteered to participate in the study, it is conceivable that women who were more active were also more interested to participate. Thus, our measurements of the PA level during pregnancy might not be representative of the overall population. Second, control measurements were taken postpartum and may not be fully representative of the pre-pregnant state. Third, the TEE, AEE and activity patterns of the subjects were studied during a 3-day period. Although the women were advised not to change their usual life routine and PA patterns during data recording, we cannot exclude changes in their normal behavior during the study period. Finally, the Actiheart device used in the study was shown to provide accurate estimates of energy expenditure vs indirect calorimetry over a broad range of activities (sedentary behaviors to vigorous PA) in the field setting among men and nonpregnant women, but it was not validated specifically for pregnant women. As pregnancy-induced physiological changes might influence the estimates (Lotgering et al., 1991) , an individual calibration was performed. We experimentally derived individual HR-AEE relationship in the Energy expenditure during pregnancy in Switzerland K Melzer et al participants to account for possible pregnancy-induced changes. Further research should nevertheless explore the individually calibrated Actiheart measurements against other energy expenditure techniques in pregnancy.
In conclusion, the TEE of healthy well-nourished women from Switzerland during the third trimester of pregnancy is approximately 836 kJ per day higher when compared with the postpartum state. The additional energy expenditure is attributed primarily to an increase in RMR, which is partly compensated by a decrease in AEE. The decrease in PA-related energy cost is achieved by selecting less demanding activities and should be taken into account when defining extra energy requirements for late pregnancy in Switzerland. The extra physiological energy demand is estimated to be greater than 836 kJ per day to achieve fetus growth through positive energy balance during the third trimester of pregnancy.
